There is a growing compelling experimental evidence that a quantum complex matter scenario made of multiple electronic components, and competing quantum phases is needed to grab the key physics of high critical temperature (Tc) superconductivity in layered cuprates. While it is known that defects self-organization controls Tc, the mechanism remains an open issue. Here we focus on the theoretical prediction of the multi-band electronic structure and the formation of broken Fermi surfaces generated by the self-organization of oxygen interstitials Oi atomic wires in the spacer layers in HgBa2CuO4+y, La2CuO 4±δ and La2NiO 4±δ , by means of self-consistent Linear Muffin-Tin Orbital (LMTO) calculations. The electronic structure of a first phase of ordered Oi atomic wires and of a second glassy phase made of disordered Oi impurities have been studied through supercell calculations. We show the common features of the influence of Oi wires in the electronic structure in three type of materials. The ordering of Oi into wires lead to a separation of the electronic states between the Oi ensemble and the rest of the bulk. The wires formation produce first quantum confined localized states near the wire which coexist with second delocalized states in the Fermisurface (FS) of doped cuprates. In this new scenario for high Tc superconductivity, Kitaev wires with Majorana bound states are proximity-coupled to a 2D d-wave superconductor in cuprates.
There is a growing compelling experimental evidence that a quantum complex matter scenario made of multiple electronic components, and competing quantum phases is needed to grab the key physics of high critical temperature (Tc) superconductivity in layered cuprates. While it is known that defects self-organization controls Tc, the mechanism remains an open issue. Here we focus on the theoretical prediction of the multi-band electronic structure and the formation of broken Fermi surfaces generated by the self-organization of oxygen interstitials Oi atomic wires in the spacer layers in HgBa2CuO4+y, La2CuO 4±δ and La2NiO 4±δ , by means of self-consistent Linear Muffin-Tin Orbital (LMTO) calculations. The electronic structure of a first phase of ordered Oi atomic wires and of a second glassy phase made of disordered Oi impurities have been studied through supercell calculations. We show the common features of the influence of Oi wires in the electronic structure in three type of materials. The ordering of Oi into wires lead to a separation of the electronic states between the Oi ensemble and the rest of the bulk. The wires formation produce first quantum confined localized states near the wire which coexist with second delocalized states in the Fermisurface (FS) of doped cuprates. In this new scenario for high Tc superconductivity, Kitaev wires with Majorana bound states are proximity-coupled to a 2D d-wave superconductor in cuprates. The mechanism behind the emergence of high T c superconductivity remains object of high scientific interest [1] [2] [3] . All high T c superconductors show a superconducting dome, centered at the maximum T Cmax tuning the chemical potential by doping or pressure. The high T c superconductivity violates the standard approximations of BCS theory [4] : 1) the dirty limit approximation reducing the electronic structure to a single effective Fermi surface and 2) the M igdal approximation where chemical potential is far away from band edges. Considering a rigid lattice and neglecting electronic correlations the density-of-states (DOS) at the Fermi energy (E F ) in cuprates is not high, which is in sharp contrast to what standard BCS theory of superconductivity would suggest. The exchange of Cu with Ni permits a much higher DOS at E F without major changes of the lattice, but the nickelates are not superconducting.
The popular theoretical paradigms assuming a rigid tetragonal structure for the CuO 2 plane and a single electronic component model have been abandoned. The multiband complexity arising from the competition between the effects of multiple orbitals in dopant induced 3d 9 L(a 1 ) and 3d 9 L(b 1 ) electronic states in the Mott Hubbard charge transfer gap [5, 6] , misfit strain [7, 8] , incommensurate lattice modulations [9] , spin density waves, charge density waves [10] , and dopants nanoscale organization [10, 11] need to be clarified to understand the quantum complex matter scenario scenario made of multiple interacting complex networks [12, 13] .
Recently the consensus is growing on the proposal that the high T c superconducting dome [14] in cuprates is confined between topological Lifshitz transitions [15] for the appearing of new spots of Fermi surfaces [9, 16, 17] . typical of multiband superconductors [18, 19] and it is predicted by the solution of Bogoliubov equations in the stripes scenario. The electronic structure is strongly modified by stripes pattern formation with formation of Fermi arcs. determined either by 1D short range polaronic Wigner charge density waves and lattice effects as lattice tilts typical of perovskites under strain and bond disproportionation associated with the 3d 9 L states induced by doping and the self-organization of oxygen interstitials and defects are expected to contribute to the topological Lifshitz transitions in the quantum complex matter scenario of high temperature superconductors.
The experimental fact that the critical temperature T c in cuprates appears be controlled by interstitials and defects self organization [20] [21] [22] has motivated us to study the electronic structures of large supercells of some cuprates and nickelates containing ordered atomic 'wires' of oxygen ions on interstitial positions.
The systems that we have considered here are La 2 CuO 4±δ (LCO) [23] , La 2 NiO 4±δ (LNO) [24] , and HgBa 2 CuO 4+y (Hg1201) [25] . Self-consistent Linear Muffin-Tin Orbital (LMTO) band calculations for supercells of different sizes have been made for the structures with and without oxygen interstitial (O i ) impurities, The total DOS in the three systems near E F show large, seemingly chaotic, peaks, as the number of O i are added, even if they are ordered in "wires". However, by comparing the Fermi surfaces (FS) in the Brillouin Zone (BZ) for the elementary cell and the supercells for the cuprate arXiv:1901.00380v1 [cond-mat.supr-con] 30 Dec 2018 systems we concluded that most of the normal FS of the CuO 2 layers remain intact despite the additions of ordered impurities. The large DOS peaks are localized on the impurities with little spillover to nearest neighbors. A long-range charge transfer of electrons from the CuO (and NiO) layers on the the O i -wires (p-doping) will modify the size of the typical FS cylinder in the case of cuprates. In this paper we review some of the results and add some complimentary information in order to get a global picture of wire formation in these systems.
Defect self-organization has been found to control the critical temperature in Sr 2 CuO 4−y [30] , in Sr 2−x Ba x CuO 3+y [31] , in (Cu 0.75 M o 0.25 Sr 2 YCu 2 O 7+y with 0 < y < 0.5 [32, 33] , and in BaP b 1−x Bi x O 3 [34] . The oxygen interstitial organization in oxygen doped cuprates La 2 CuO 4+y has been studied by scanning micro x-ray diffraction [11, 20, 21, [35] [36] [37] [38] [39] , and by STM [40] [41] [42] showing superconductivity emerging in a nanoscale phase separation with a complex geometry [43] [44] [45] [46] [47] which is determined by the proximity to a electronic topological Lifshitz transition in strongly correlated electronic systems [48] [49] [50] . In fact it has been found that the domes of high critical temperature occurs by tuning the chemical potential near topological Lifshitz transitions in many different cuprates [19, [51] [52] [53] [54] including the case of pressurized sulfur hydride [1] [2] [3] .
A considerable theoretical work has shown how the electronic states near the Fermi level respond to the lattice and dopants organization changing the topology of the Fermi surface [23] [24] [25] [55] [56] [57] [58] [59] [60] The interest is focused to the perspective that a the quasi one-dimensional ordering of dopants could generate stripes giving a quasi 1D electronic structure at the Fermi level. The new periodicity driven by oxygen interstitial self organization sets up a potential modulation, which generates unconventional topological Lifshitz transition for the appearing of new bands.
Doping is crucial for high-T c superconductivity. It is usually controlled by the exchange of the heavy atoms with different valency, like Sr (or Ba) for La in La 2−x Sr x CuO 4 . But varying the O-occupation has also been proven to be efficient for doping, either as a vacancy or as an interstitial impurity. The Fermi surface for doping larger than 0.21 holes per Cu sites is expected to be predicted by band structure calculations. Superconductivity can be enhanced by ordering of oxygen interstitials in cuprates like La 2 CuO 4±δ [21] . Band calculations show that oxygen vacancies in the apical positions in Ba 2 CuO 4−δ (BCO, with δ ≈ 1)) make its electronic structure very similar to that of optimally doped La 2 CuO 4 (LCO) [56, 57] . The T c of BCO is reported to be much larger than in LCO [31] . Self organization of oxygen interstitials enhances T c [21] , and the Fermi surface (FS) can become fragmented by oxygen self organization [23] . However, the exact role of ordering of the defects is not well known in many cases. Recently experimental results have been reported on self organization of oxygen interstitials in doped cuprates (Color online) The total DOS for Hg12Ba24Cu12O48+N with N =0 (thin red) and N =2 (bold blue). The (black) broken line is when the two O atoms occupy sites far from each other ("disordered").
HgBa 2 CuO 4+y [10, 12] . by scanning micro x-ray diffraction which provide complementary information on local nanoscale structure investigation using x-ray absorption spectroscopy [61] [62] [63] using EXAFS and XANES methods [64, 65] which probe the deviation of the local structure from the average structure. In this work we discuss electronic structure results for the hole-doped oxygenenriched HgBa 2 CuO 4.167 , (Hg1201), La 2 CuO 4+δ (LCO) and La 2 NiO 4+δ (LNO). The method of calculation is presented in sect. II, in sect. III we discuss the results, and conclusions are in sect. IV.
II. METHOD OF CALCULATION.
The calculations are made using the linear muffintin orbital (LMTO) method [66, 67] and the local spin-density approximation (LSDA) [68, 69] . The details of the methods have been published earlier [23-25, 60, 70, 71, 75] .
The supercell Hg 12 Ba 24 Cu 12 O 48+2 is extended 6-and 2-lattice constants along x and y, respectively. The 2 additional oxygens are inserted in the Hg-plane, as is known to be the position of excess O in HBCO. These oxygens form a stripe running along y.
Calculations for the elementary cell of HBCO need 8 atomic sites and 5 "empty spheres", which are included in the most open part of the structure, see ref. [70] . The empty sphere in the Hg plane, at (0.5, 0.5,0), is the location of excess oxygen. The lattice constant a 0 is 3.87 A, and c/a=2.445. The elementary cell is extended 6a 0 along x and 2a 0 along y. The empty spheres at (0.5,0.5,0) and (0.5,1.5,0), and at (0.5,0.5,0) and (2.5,1.5,0) are occupied by O in the "stripe" supercell and "disordered" supercells, respectively. This is in the latter case the most In La 2 CuO 4 (LCO) the sites are at the corresponding positions, but with the lattice constant a = 3.8Å and c = 12.4Å . In addition to the MT spheres at the atomic sites we insert MT spheres at positions (0.5,0,0.5c) and (0,0.5,0.5c) to account for the positions of empty spheres. An elongated supercell is created by an eight-folded repetition of the elementary cell in the diagonal direction of the CuO 2 plane.
The doped cases are simulated in calculations where one or two empty interstitial sites have been replaced by O-i atoms. The total number of sites are different for the different calculations and with different total number of k-points. Information about this, the size of atomic spheres, basis set and so on can be found in the previous papers [23] [24] [25] . Note that our work is based on density functional theory (DFT) where correlation is a global function of the spin densities [68, 69] . Strong, non-DFT correlation is not expected for cuprates and nickelates with doping away from half-filling of the d-band. ARPES (angular-resolved photoemission spectroscopy) and ACAR (angular correlation of positron annihilation radiation) on cuprates have detected FS's and bands in agreement with DFT calculations [72] [73] [74] . Here we discuss mainly paramagnetic band results, but the calculations for LNO lead to ferromagnetic (FM) ground states, even though the FM moments decreases on Ni sites near to the O-i wires [24] .
III. RESULTS.
The total DOS functions at the Fermi level for three supercells of the doped Hg-based cuprate are shown in Figs. 1. The undoped DOS agree with the DOS calculated previously for one unit cell of HBCO using also = 3 states for the Ba sites [70] . A difference is that the less dense k-point mesh for the supercell makes the DOS curve less smooth. The total DOS at E F per elementary cell is about 1.0 (eV ) −1 compared to 0.92 here for the supercell. A calculation of a supercell of intermediate size (Hg 4 Ba 8 Cu 4 O 17 ) corresponding to an impurity concentration of 0.25 shows that the DOS at E F increases by a factor of two to about 1.8 per elementary cell [59] . All atoms are close to the impurity in that case, which explains that the local peaks in the states are not so narrow as in the present case. Here E F is on a narrow peak in both cells with O impurities, which makes the DOS higher, about 3 and 4 (eV ) −1 per elementary cell for the striped and disordered case respectively. The increase of the DOS is limited to the first layers of atoms adjacent to the impurity.
The addition of two ordered or disordered O i in the cell makes new states to appear near E F in the interval -0.6 to +0.2 eV, see Fig. 1 . Therefore, it is not possible to judge about the effects of doping on the FS from these DOS Fig. 4 . The two FS agree well, which show that the essentials of the FS-cylinder remain even when the O2-wire is present, but some p-type doping is present since EF is reduced by 0.1 eV. The slight deviations for the bands crossing the Γ − Y line can be understood from an unfolded supercell FS, in which the Fermi radius is shorter towards X, points a and b (cf. Fig. 4) . The radius is also smaller than for undoped HBCO, while near points c, d and e the the radius is larger and the agreement with undoped HBCO is good. However, there is a new band and a new FS at the top of the panel for the supercell. This band has a very high DOS on the O-i sites, and its FS cannot be explained by from the simple folding.
functions. However, it is possible to see that the d-band edge near -1 eV moves to the right, about 0.1 eV, when two ordered O i have been added. This is an indication of an effective p-doping, i.e. equivalent of moving E F to the left on the standard cuprate DOS. This finding is less evident for the disordered case. The evolution of the DOS with doping in LCO and LNO can be seen in Figs.  2 and 3 .
In order to reveal the effect of doping on the FS we compare the FS of real calculation for the supercell with that of the folded FS of the simple FS as calculated for the single unit cell. The FS for one unit cell of HBCO is shown in Fig. 4 . Three circular FS's are shown within one quarter of the BZ, all centered at the upper right corner of the BZ. One FS with the largest radius is for the calculated E F , and two smaller FS are for assumed larger p-doping when E F are 0.1 and 0.23 eV lower. Each of the smaller panels of Fig. 4 shows the extent of the BZ of the 6*2 supercell, and in three of them we show how the folded FS's would look like after folding. In the case of intermediate doping, shown by E F -0.1, one can note that the points marked as i and j in the FS at E F (or e and d in the FS for E F -0.23) has merged into one point (marked by e" and d"). This merged feature also appear in the FS calculated for the doped cell with ordered O i , see Fig. 5 . The folded FS for E F − 0.1 (+-signs) agree well with the real FS for the supercell (o-signs) almost coincides near the Y-point, which is an evidence of merged branches. Also at the X-point there is a good agreement, which is an indication of a FS with a radius close to what is indicated by f and f " in Fig. 4 for the case E F -0.1. The FS structures for folded and real FS in the middle of Fig. 5 have the same shapes. This shows that a circular FS survives despite the doping of ordered O i , but that the radius near point b in Fig. 4 should be a bit smaller, i.e the circle seems to slightly retract near this point.
Thus, there are convincing indications that the typical cuprate FS survives despite ordered O i doping. However, on the upper edge of the BZ in Fig. 5 is seen a clear FS that cannot be understood from folding. A close look at the states making this FS branch shows that it consists of O i -p states. The DOS is very high on O i with only little spill over on to the nearest neighbors. Hybridization with the p-states on the oxygen impurity atoms makes fairly large s-and d-DOS on Hg, and an increase of the p-DOS on the nearest apical oxygen states, while the influence on planar O and Ba is not large. The Cu sites are quite distant from the O i , and the Cu d-DOS increases about 35 percent near the impurity, and by 25 percent on the more distant Cu compared to the undoped case. This increased DOS on Cu is similar as the increased DOS that follows from p-doping, i.e. from a lowering of E F when it is approaching the van-Hove DOS peak as in other cuprates. Again, this is a hint that p-type doping is a result of the addition of O i . When the dopants are disordered we also expect some p-doping effect on the dband edge (see above), but as is shown in ref. [25] the have appeared.
The results for La 2 NiO 4+δ are not easy to interpret. The DOS evolves as in the cuprates, and can be interpreted as a p-doping as O i are inserted. But the d-band is less filled compared to Cu-d, and the FS is quite complicated already for N=0, since E F falls within the Ni-d bands. The FS for the double cell of undoped La 4 Ni 2 O 8 is shown in Fig. 8 . When plotted for the normal simple cell it would have one Γ-centered and another piece centered in the corner of the BZ. These pieces now both appear around the Γ point in Fig. 8 . The advantage of displaying the FS of the double cell is that its folding in the diagonal direction (45 degrees with respect to the NiO bonding) easily can be compared to the FS calculated for the La 12 Ni 6 O 24 supercell, shown in Fig. 9 . As for folding in the LCO system, there is a good agreement between folded and calculated FS's. Next, in Fig. 10 we show the calculated FS for La 12 Ni 6 O 25 , i.e. for the case when one O i atom forms a kind of wire ordering in the supercell. The FS is now quite different from that of the undoped case, and as in the case of O i -wires in LCO, the FS fragmented in small 'islands'. In contrast to LCO, it is hardly possible to see that the radii of a generic FS-piece have diminished because of an effective doping. The local DOS near and on the O i wire is not as high as in the LCO system. The hybridization between wire states and the NiO d-p bands is more effective, and the isolation of the wire is not as drastic as in LCO. Nevertheless, a line from a FS structure to the right in Fig.  10 seems to be unexplained from the ordinary bands, and could be due to the isolated O i band as in doped LCO.
The wire with new potential modulations generates small band gaps within the Ni-O bands. Original bands are cut into smaller 'multi-valley' bands, which for the FS leads to fragmentation. But the interpretation of the FS's for undoped and doped LNO supercell appear not to be as simple as in LCO.
The d-band edge below E F is displaced with increasing N in a similar manner as in the cuprates, and so the impurities are likely to create an effective p-doping within the NiO layers. An opposite and much stronger "n"-doping would be needed to make the nickelate FS similar to the simple cuprate FS, which naively could be expected to make nickelates superconducting. The calculated FS of the nickelate is not simple and does not resemble the FS of the cuprates, and this is independent of N.
IV. DISCUSSION.
In the three systems we have found evidence of electron charge transfer from the metal-oxide layers to the interstitial O i impurities. The electron count within the atomic spheres as well as the shift of E F supports this finding in all cases. When the O i sites are ordered to form wires in the case of cuprates this p-type charge transfer has the same effect on the CuO layers as the standard ways of doping, like replacement of La with Sr in LCO. The DOS becomes very high on the O i wires, but the latter sites are electronically isolated from the CuO layers, and the layers can maintain the generic electronic structure of common cuprates. Without ordering there is more overlap between not too distant O i sites, and the separation between the electronic structures on CuO layers and O i is no longer possible. This is at least what we conclude from the absence of a typical CuO layer FS in the case of disordered impurities. It is likely that clustering into "islands" instead of wires also can work for having both the charge transfer and the intact FS property in the layers, but it is not known how far the charge transfer can reach between large well separated islands. Thus, we suggest that a favorable effect from self-organized O i wires on T c can be caused by the doping of the CuO layers, leading to optimal doping with E F near the van-Hove singularity. But there is a second possibility in the case of wire ordering. Perpendicular periodic wires will set up a new periodicity of the potential, and this is known to make additional band gaps and peaks in the DOS. The strength of the potential modulation and the wavelength determines the energy and the height of peaks and valleys of the DOS. Other types of doping should be able to generate the same modulations, and as has been proposed earlier for phonon and spin waves, an optimization is required to make strong peaks to coincide with E F and the doping in order to expect an enhancement of T c [55, 75] . Such a mechanism should help to increase T c in any system with fairly simple band structures where a periodic potential can make flat bands and higher DOS at precise energies. Here, for cuprates with O i impurity wires one would expect correlations between impurity concentration (through the distance between wires) and variations of T c . Unfavorable conditions regarding wire separations and doping could occur and put E F in a valley of the DOS with low T c .
Superconducting pairing may depend on phonons, spin fluctuations or even a coupling between the two [75] . Many exchange enhanced systems can be close to either a ferro magnetic (FM) or an anti-ferro magnetic (AFM) transition, and calculations have shown that lattice distortions may trigger the transitions. For instance, FM fluctuations in Ce and B20 type compounds like FeSi are enhanced by thermal lattice disorders [79] [80] [81] [82] . AFM fluctuations occur at high pressure in Fe when the lattice transforms from fcc to hcp structure [83, 84] , where they probably are important for the occurance of superconductivity. The onset of FM appears to play a role for anomalous thermal expansion according to calculations for compounds where the total energies are close for the paramagnetic and FM states [85] . Similarly, in highly doped cuprates calculations indicate that a very weak FM state might be preferred over the non-magnetic one [86] . All these examples show that lattice distortions and phonons have an intimate connection with FM, and the calculations with selected vibrational modes indeed enforce spin waves [71, 75] . Here, for wire of O i in HBCO and LCO it is found that local moments on Cu for imposed AFM waves tend to decrease near the wire (probably due to the hybridization between Cu-d and O-p on O i ) [23, 25] . Further works are needed for telling whether coupling between spin and phonons will be stronger and enhance superconductivity in the systems with O i wires, or if it will attenuate such couplings near and far from the wires. Ni in undoped LNO show stable FM order [24] . With the large DOS near the O i wire one could expect enforcement of the local Ni moments near the wire. But the calculation show that the local DOS on Ni near the wire is only about 2/3 of the Ni DOS in undoped LNO and 1/2 of the Ni far from the wire. The FM calculations reflect these DOS variations, since the moment on Ni is highest far from the wire (0.25 µ B ), lower in pure LNO (0.18 µ B ), while extremely small close to O i . This shows that the large DOS on (ordered) O i is very localized to the wire itself (dominated by O-p), but the proximity to the nearest Ni makes an essential non-magnetic layer of Ni. If FM was the only reason for the absens of superconductivity in LNO, then one could hope for pairing within a thin LNO layer near O i wires. However, as mentioned above, the FS of LNO is very complex and has no resemblance with that of the cuprates, and it is likely that a simple FS is one of the conditions for pairing in the metal-oxide layers.
V. CONCLUSION.
The main conclusion is that interstitial O i impurities lead to p-doping of the metal-oxide planes in all of the studied systems. Further, ordering of the impurities into wires makes an electronic isolation of the wires and the layers in the cuprates, so that the CuO layers behave much like ordinary p-doped cuprates. The wires of O i impurities in may contribute to a potential modulation with the formation of a new quasi 1D band. The calculated very large DOS peak at E F is not made from such an effect, but is caused by localized states on the wire. The positive effect on T c from clustering of O impurities might originate from the hole doping that the excess O's provide to the spacial regions far from the dopants. The latter and the wire regions are spatially and electronically separated, so that superconductivity can take place without negative disturbance from the impurities.
These findings are useful for future experiments, both for spectroscopy and for searching correlation between T c variations and interstitial doping of oxygen. In fact, theory predicts an oscillatory behavior of DOS height at E F when impurities cause small periodic perturbations of the potential, but this has not been verified experimentally. Direct measurements of T c variations in cuprates should constitute a sensitive test of such correlations. The nickelate system has a much more complicated FS and higher metallic DOS near E F than the cuprates, also after doping. There are no indications that LNO can be doped and develop its band structure into something like that of cuprate superconductors.
In conclusion the present work opens a new scenario for the mechanism of high T c superconductivity in cuprates. We provide evidence that ubiquitus oxygen wires of finite size, formed in oxygen doped cuprates, give in their proximity, the first set of states with broken Fermi surfaces forming quasi 1D electronic states discussed here and far away from the wires, a second set of states made of a 2D strongly correlated doped Mott insulator. The wires formation gives first quantum confined localized states near the wires which coexist with second delocalized states in the Fermi-surface (FS) of doped cuprates. In the novel scenario for high T c superconductivity proposed by this work the first set of electronic states is identified as an ar-ray of Kitaev wires [87] giving Majorana bound states [88] which are proximity-coupled to the second set of states, far from the oxygen wires, realizing the 2D d-wave superconductor [89, 90] 
